Inorganic graphene analogues (IGAs) are promising catalysts for the oxygen reduction reaction (ORR) in fuel cells; however, their catalytic activities need to be improved. Herein, we report atomically thin SiC obtained via a simple ultrasonic treatment of commercial SiC as an efficient electrocatalyst for the ORR in alkaline and acidic media. Due to the advantages of its unique surface composition and structure, the atomically thin SiC shows remarkable catalytic activity for the ORR and the number of electrons transferred per O 2 is close to four in both alkaline and acidic media. Compared with commercial Pt/C, the atomically thin SiC possesses prominent durability and tolerance to methanol crossover, and thus can be developed into a low-cost and efficient alternative as a cathodic electrode in fuel cells.
Introduction
The aggravation of environmental pollution requires new energy resources coupled with storage techniques to substitute for fossil fuels such as coal, petroleum, and natural gas.
1,2 Fuel cells and batteries are considered to be very promising energy storage and conversion devices. 3 One of the most important problems encountered by these new energy storage and conversion devices is the sluggish kinetic processes of the oxygen reduction reaction (ORR). 4 Great efforts have been made in catalysis research to overcome the intrinsic ORR disadvantages. [5] [6] [7] [8] In recent years, despite the tremendous progress in the development of Pt-based catalytic materials, it is still a major challenge to develop highly active catalysts. Even if Pt-based catalysts are considered to be the best catalysts for the ORR in fuel cells, they still suffer from multiple disadvantages, such as high cost, limited reserves, and the crossover effect of fuel molecules. [9] [10] [11] In order to promote the commercialization of fuel cells, the development of nonprecious metal or metal-free ORR catalysts has attracted great interest.
12-16
Graphene, which has a two-dimensional layer structure, has attracted considerable attention because of its unique physical and chemical properties that exhibit signicant advances in energy storage and conversion devices. 17 In the area of electrocatalysis, graphene has been recognized as a promising material and has been modied via various methods for use in ORR catalysts. [16] [17] [18] [19] [20] [21] [22] [23] Inorganic graphene analogues (IGAs) such as MoS 2 , MoSe 2 , and WSe 2 also belong to two-dimensional layered materials, which have similar properties with graphene. These materials generally possess large surface areas and large amounts of coordination-unsaturated surface atoms, which provide outstanding catalytic properties and are conducive for the adsorption of reactants. 24 Xie et al. showed that defect-rich MoS 2 ultrathin nanosheets exhibit excellent hydrogen evolution reaction catalytic activity with a small onset potential, large current density, small Tafel slope, and prominent electrochemical durability. 25 Our group conrmed the excellent ORR activity of atomically thin MoSe 2 /reduced graphene oxide and WSe 2 /reduced graphene oxide nanosheets associated with the number of exchanged electrons close to four. 26 As a typical IGA, silicon carbide (SiC) possesses low density, high thermal conductivity, good chemical stability, and high saturated carrier mobility, which result in wide applications in various elds.
27-30
SiC with an atomic ratio of 1 : 1 has an imbalance of charge distribution on different atoms caused by the different electronegativities of Si (1.90) and C (2.55), which leads to more active sites than those by doped carbon materials that serve as ORR catalysts. Based on density functional theory (DFT), Zhang et al. exploited the potential of layered SiC as an ORR catalyst in alkaline media. 31 However, no research on the electrocatalytic activity of layered SiC for the ORR and its preparation has been reported to date. In this study, we highlight a simple pathway to prepare atomically thin SiC nanosheets derived from commercial SiC through ultrasonic exfoliation. Systematic characterization of its morphology, structure, composition and catalytic activity for the ORR in alkaline and acidic media is conducted. Compared with commercial SiC, the atomically thin SiC presents excellent catalytic activity for the ORR in both alkaline and acidic media, which is comparative to that of Pt/C catalysts.
Experimental

Preparation of atomically thin SiC nanomaterial
Commercial SiC (300 mg) was added in a mixture of deionized water (125 mL) and anhydrous ethanol (125 mL) in a 500 mL ask. The mixed system was sealed and placed in a low-power ultrasonic bath (KQ3200DA) for 12 h. The resultant dispersion was centrifuged at 2000 rpm for 20 min, and the supernatant was collected. The as-obtained product was collected aer the supernatant, centrifuged at 12 000 rpm for 20 min, washed with deionized water and anhydrous ethanol successively multiple times, and nally dried at 50 C under vacuum overnight for further characterization.
Materials characterization
X-ray diffraction (XRD) patterns were collected using a Rigaku D/max-rA X-ray diffractometer with Cu Ka radiation (l ¼ 1.5418 A). Field emission scanning electron microscopy (FESEM) images were obtained using an FEI HITACHI S-4800 FESEM. Transmission electron microscopy (TEM) images, highresolution TEM (HRTEM) images, and selected-area electron diffraction (SAED) patterns were obtained using a JEOL-2010 TEM with an acceleration voltage of 200 kV. Atomic force microscopy (AFM) was performed using a Veeco DI NanoScope MultiMode V system. The Brunauer-Emmett-Teller (BET) surface area was determined via nitrogen adsorption on a Tristar II 3020 Micromeritics adsorption analyzer at 77 K. Prior to the adsorption measurements, the samples were degassed at 200 C for a minimum of 10 h. X-ray photoelectron spectra (XPS)
were acquired on an ESCALAB MKII with Mg Ka (hn ¼ 1253.6 eV) as the excitation source. The binding energies obtained in the XPS spectral analysis were corrected for specimen charging by referencing C 1s to 284.5 eV.
Electrochemical measurements
The ORR activity of the atomically thin SiC was evaluated using a standard three-electrode electrochemical cell on an electrochemical workstation (CHI 660C, Chenhua, Shanghai) at room temperature. To prepare the working electrode, a homogeneous catalyst ink was made by mixture of 4 mg catalyst, deionized water, isopropanol, and Naon ionomer solution (5 wt% 
Results and discussions
Material characterization
The XRD patterns of the atomically thin SiC and commercial SiC are shown in (marked with an asterisk), which is likely due to the stacking faults within the crystal. 32 The diffraction peaks are strong and sharp, which indicate that the atomically thin SiC possesses good crystallinity.
The FESEM images of the atomically thin SiC and commercial SiC are shown in Fig. 1b and S1a, † respectively. As shown in Fig. S1a , † the commercial SiC is composed of both dispersed nanosized particles and some aggregates. The sizes of the nanoparticles range from 50 nm to 170 nm. Aer ultrasonic treatment, the nanoparticles of the atomically thin SiC are signicantly reduced and no aggregates are observed, and its particle size is between 20 and 80 nm. The decrease in particle size can cause an increase in the number of catalytic activity sites in SiC and thus improve its catalytic activity. Fig. 1c and S1b † depict the TEM images of the atomically thin SiC and commercial SiC. Compared to the commercial SiC, the irregular nanoparticles of the atomically thin SiC are much smaller and their sizes range from 23 nm to 75 nm. As can be seen from Fig. 1d , the lattice fringe spacing of the atomically thin SiC is measured to be $0.253 nm, which is in good agreement with the value obtained using the Bragg diffraction from the (111) planes of b-SiC (Fig. 1c) . 33 The SAED patterns in Fig. 1d display diffraction points rather than diffraction circles, which further reveals that the atomically thin SiC exhibits an exfoliated thin layer. To conrm the thickness of the as-prepared sample, AFM imaging was carried out and the corresponding height proles are shown in Fig. 1e . As can be seen in Fig. 1e , the atomically thin SiC possesses a relatively irregular, smooth 2D sheet structure with an average height of approximately 1.8 nm. These results conrm that the commercial SiC was effectively exfoliated via ultrasonic treatment and an ultrathin nanomaterial was successfully obtained. This atomically thin structure can effectively improve the electrical conductivity, conducive to the charge transfer. Furthermore, it also facilitates reactant adsorption and increases the reactive sites, resulting in excellent catalytic activity.
The specic surface area and porous nature of the atomically thin SiC were measured via nitrogen adsorption/desorption measurements conducted at 77 K. Compared with commercial SiC, the isotherms of the atomically thin SiC can be classied as type-III with a distinct hysteresis loop at relative pressures (P/P 0 ) from 0.45 to 1.0 (Fig. 2a) , suggesting the presence of mesopores that can facilitate oxygen adsorption and molecular transportation during the ORR. The atomically thin SiC has a huge Brunauer-Emmett-Teller surface area of 53.85 m 2 g À1 with an average pore diameter of 34 nm and pore volume of 0.365 cm 3 g À1 , which are higher than the commercial SiC. These results clearly illustrate that with a simple ultrasonic treatment, commercial SiC can be effectively exfoliated into atomically thin SiC with a thickness of only 1.8 nm, which possesses a higher surface area. The surface composition of the electrocatalysts has an important inuence on their catalytic performances. The surface element composition of SiC was investigated via XPS. Fig. 3a shows the full-range XPS spectra of the atomically thin SiC and commercial SiC. As shown, the photoelectron peaks at 103.08 eV, 154.08 eV, and 284.08 eV can be indexed to Si 2p, Si 2s, and C 1s, respectively. Oxygen can be detected for SiC on the basis of its binding energy. The presence of O can be attributed to the adsorption of oxygen molecules on the surface of SiC and further result in a strong effect between Si or C and O. The unsaturated chemical bonds on the surface of the atomically thin SiC obtained by ultrasonic treatment should be responsible for this phenomenon, and resulting in the combination of C or Si and N on the surface of SiC.
34 Fig. 3 and S2 † show the corelevel XPS spectra of C 1s, Si 2p, N 1s, and O 1s and the corresponding deconvoluted spectra for the atomically thin SiC and commercial SiC. Based on the deconvoluted XPS spectra, the percentages and binding energies of the different groups are shown in Table S1 . † From Fig. 3b , the deconvoluted peaks with binding energies of 283.7, 284.6, 285.3 and 286.2 eV can be assigned to the C-Si, C-C, C-O and C-N bonds, respectively.
35,36
The C-C and C-Si bonds are associated with carbon and SiC on the surface, respectively. The C-O and C-N bonds are attributed to the adsorption of O 2 or N 2 . The N content is very low due to the low activity of N 2 . Compared with commercial SiC, the binding energies of the C-Si, C-C, and C-O bonds increase in different degrees. The increase in binding energy is benecial for the adsorption and dissociation of O 2 on the surface of the catalyst, which promotes the catalytic activity of the atomically thin SiC. The deconvoluted peak with the binding energy of 288.9 eV for commercial SiC can be assigned to the COO bond, which indicates that the commercial SiC surface contains more oxygen and is not conducive to oxygen adsorption. The deconvolution of the corresponding Si 2p spectrum for the atomically thin SiC (Fig. 3c) 37 The appearance of the Si-N bond is consistent with previous results. The binding energies of Si-C and Si-O are located at 102.1 and 104.0 eV, respectively, which are also higher than the corresponding bonds in commercial SiC. The content of Si-O bonds is significantly higher than that of Si-C bonds, which indicates that Si mainly exists in the form of Si-O on the surface of SiC, and O 2 can be easily adsorbed and dissociated on the Si sites. As can be seen from Fig. S2d , † O-C and O-Si bonds are detected for the atomically thin SiC, and their binding energies are higher than that of commercial SiC. Compared with that of commercial SiC, the fraction of O-Si bonds increases from 47.4% to 63.0%, and the fraction of O-C bonds signicantly decreases from 52.6% to 37.0% for the atomically thin SiC. The O-Si bond with the binding energy of 533.2 eV corresponds to amorphous SiO 2 .
38
The XPS results show that the binding energies of the atomically thin SiC are higher than that of commercial SiC because of its surface unsaturated bonds, which are convenient for the adsorption and dissociation of O 2 on the surface of the catalyst. The adsorbed oxygen mainly exists in the form of amorphous SiO 2 . Fig. 3d displays the high-resolution N 1s XPS spectrum of the atomically thin SiC sample as well as the corresponding deconvolution spectra of the different types of nitrogen probably existing in the sample. The asymmetric N 1s spectrum indicates the existence of three types of N: N-Si at 398.2 eV, pyridinic N at 398.9 eV, and pyrrolic N at 400.1 eV. 39 The content of pyridinic N is as high as 80.9%. The pyridinic N and pyrrolic N atoms are located at the edge or defect sites, 40 which indicates that the ultrasonic treatment is responsible for the existence of N. Pyridinic N atoms, as a marker of plane exposure, can provide actual active sites and improve the ORR activity of the atomically thin SiC.
41,42
Electrocatalytic analyses
First, the ORR catalytic activity of the atomically thin SiC in alkaline medium was investigated. Cyclic voltammetry measurements were conducted in O 2 -or N 2 -saturated 0.1 M KOH solution to evaluate the ORR activities of the atomically thin SiC (Fig. 4a ). There is no visible peak in the plot of the measurements in N 2 saturated KOH solution, which indicates that the oxygen reduction reaction did not occur. Nevertheless, a well-dened oxygen reduction peak at 0.76 V (vs. RHE) appeared in the presence of O 2 , which indicates that SiC possesses ORR catalytic activity in alkaline electrolyte. Compared with commercial SiC, the atomically thin SiC possesses a higher reduction peak potential and larger cathodic current, which suggest higher catalytic activity for the ORR.
To further investigate its ORR performance, linear sweep voltammetry (LSV) measurements on an RDE for the atomically thin SiC, commercial SiC, and Pt/C electrodes were carried out in O 2 -saturated 0.1 M KOH solution at a scan rate of 10 mV s
À1
and a rotation rate of 1600 rpm. As shown in Fig. 4b , the ORR based on the commercial SiC catalyst commences around 0.83 V, followed by a continuous increase in current density with no plateau. The onset potential for oxygen reduction at the atomically thin SiC electrode signicantly shis positively to 0.95 V, which is close to the onset potential for Pt/C electrodes (0.97 V). The limiting diffusion current on the atomically thin SiC electrode at 0.3 V becomes about 2.5 times stronger with a relatively wide plateau with respect to the commercial SiC electrode, which indicates a diffusion-controlled process related to an efficient 4e À dominated ORR pathway. [43] [44] [45] For the atomically thin SiC electrode, its LSV curve exhibits two current plateaus at 0.8-0.6 V and below 0.6 V, respectively, corresponding to a two-electron process and four-electron process, respectively. This result may affect the catalytic activity of the atomically thin SiC. The results of CV and LSV prove that the atomically thin SiC electrode shows favorable ORR catalytic activity, which is reected by its positive onset potential and high current density.
RDE voltammetry measurements were also carried out to gain further insight into the ORR performance of the atomically thin SiC. Fig. 4c shows the RDE current-potential curves at different rotation rates for the atomically thin SiC in an alkaline medium. In order to obtain the number of electrons transferred per oxygen molecule (n) on the atomically thin SiC, K-L plots from the LSVs at various rotation speeds were calculated from the Koutecky-Levich equations as follows:
(1)
where J, J K and J L are the measured, kinetic, and diffusionlimiting current density, respectively. u is the rotation speed in rpm. n is the number of electrons transferred during ORR process, F is the Faraday constant ( (2) is adopted when the rotation speed is expressed in rpm. Fig. 4d shows three linear K-L plots at different potentials, which suggest that the inverse current density (1/j) is a function of the inverse of the square root of the rotation speed (u À1/2 ) at different potential values and rst order reaction kinetics toward the concentration of O 2 on the atomically thin SiC from 0.1 V to 0.5 V. As shown in Fig. 4e , the corresponding numbers of electrons transferred were calculated to be 3.7-4.0 per O 2 molecule at 0-0.6 V for the atomically thin SiC. The n value is lower at high potential. This result shows that the ORR process at the atomically thin SiC electrode is dominated by a four-electron process with water as the product at low potential. Fig. 4f shows the rotation ring-disk electrode (RRDE) curves of the three catalysts in O 2 -saturated 0.1 M KOH solution at a scan rate of 10 mV s
and rotation rate of 1600 rpm. The atomically thin SiC exhibits a much higher diffusion-limiting current density than that of commercial SiC. The RRDE measurements show that the HO 2 À yield of the atomically thin SiC is less than 9%, which is signicantly lower than commercial SiC ( Fig. 4f and S3 †) . The number of electrons transferred is calculated to be 3.6-3.9 over the potential range of 0.1-0.8 V. This is well consistent with the result obtained from the K-L plots based on RDE measurements.
Regarding the potential use of a catalyst in direct methanol fuel cells, its stability and tolerance to methanol crossover are key parameters to evaluate its performance. The durability of the atomically thin SiC and commercial Pt/C for the ORR was evaluated by continuous chronoamperometric measurements at 0.7 V in O 2 -saturated 0.1 M KOH solution (Fig. 4g ). The ORR current density of the atomically thin SiC decreases more slowly than that of commercial Pt/C, maintaining 91% of its initial current density even aer 18 000 s. This result indicates that the atomically thin SiC demonstrates better stability than commercial Pt/C in alkaline medium. The high stability of the atomically thin SiC is mainly derived from its thin layer structure, which ensures no signicant decrease in catalytic active sites on its surface. Moreover, the catalytic selectivity of the atomically thin SiC was determined from its chronoamperometric responses at the potential of 0.7 V in 0.1 M KOH solution with 3 M methanol added (Fig. 4h) . For comparison, the corresponding chronoamperometric response for the Pt/C catalyst was also tested. No signicant response is observed in the ORR current for the atomically thin SiC catalyst. However, a sharp decrease in the ORR current can be observed for the Pt/C catalyst aer the addition of methanol. This result indicates that the atomically thin SiC catalyst has higher selectivity toward the ORR and better methanol tolerance than the commercial Pt/C in an alkaline medium, which is relevant in practical applications. The atomically thin SiC was also used as a catalyst for the ORR in acidic medium. The electrocatalytic activity of the atomically thin SiC in 0.1 M HClO 4 was investigated via CV (Fig. 5a) . Compared with N 2 saturated solution, the CV curve in O 2 saturated 0.1 M HClO 4 solution presents a remarkable ORR current peak at 0.62 V (vs. RHE) and a larger cathodic current comparable with commercial SiC appears, which indicate high ORR catalytic activity in acidic medium. The ORR performance was characterized by LSV measurements on an RDE in O 2 -saturated 0.1 M HClO 4 solution. As seen from Fig. 5b , commercial SiC shows weaker catalytic activity and lower onset potential in an acidic medium. The ORR onset potential for the atomically thin SiC commenced at around 0.88 V, which is close to Pt/C electrodes (0.92 V). The limiting diffusion current on the atomically thin SiC electrode presents a relatively wide plateau with respect to the commercial SiC electrode.
To estimate the number of electrons transferred for the atomically thin SiC in acidic medium, LSV and K-L plots at different potentials were obtained according to the K-L equations, which are shown in Fig. 5c and d (Fig. 5e) , the atomically thin SiC also exhibits a much higher diffusionlimiting current density than that of commercial SiC. The RRDE measurements show that the HO 2 À yield of the atomically thin SiC is less than 7%, which is signicantly lower than that of commercial SiC ( Fig. 5f and S3 †). The number of electrons transferred is calculated to be 3.7-4.0 over the potential range of 0-0.6 V. The results of the electrochemical experiments prove that the atomically thin SiC electrode shows favorable ORR catalytic activity in acidic media. Moreover, we speculate that the catalytic activity of the atomically thin SiC is also reduced by the solubility of acid and can be further improved by changing the structure of the catalyst. The stability and tolerance to methanol crossover of the atomically thin SiC in acidic medium were also evaluated using the same method. Compared with the performance of commercial Pt/C, the attenuation of the ORR current density for the atomically thin SiC is evidently slow (Fig. 5g) . Its selectivity toward the ORR and methanol tolerance are better than that of commercial Pt/C in an acidic medium (Fig. 5h) .
The ORR performance of the atomically thin SiC is mainly attributed to its ultrathin structure and the presence of a small amount of nitrogen. These microstructure and composition characteristics facilitate reactant adsorption, increase the reactive sites and improve the electrical conductivity of the atomically thin SiC, which lead to an improvement in the catalytic activity.
Conclusions
In summary, atomically thin SiC is obtained using an ultrasonic exfoliation method and used as an ORR catalyst in fuel cells. The particle size of SiC considerably decreases, its surface area increases, and the surface of the atomically thin SiC contains numerous unsaturated bonds and a small amount of nitrogen, which are favorable for the adsorption and dissociation of reactants. The ultrathin structure of the atomically thin SiC signicantly improves the ORR catalytic activity in both alkaline and acidic media. The number of electrons transferred for the ORR on the atomically thin SiC catalyst is close to 4, which indicates that a four-electron reduction pathway is favored. The atomically thin SiC also exhibits outstanding durability and methanol crossover resistance in both alkaline and acidic media. This study provides a new idea for the design and application of non-precious ORR catalysts.
